High Molecular Weight Polycyclic Aromatic
Hydrocarbon Degradation by Mycobacterium
Species: Metabolism, Proteomic and
Genomic Approaches in the Elucidation of
PAH Biodegradative Pathways and
Implications in Bioavailability

Director, Division of Microbiology
National Center for Toxicological Research
US Food and Drug Administration
Jefferson, Arkansas 72079
Carl E. Cerniglia, Ph.D.



Outline

Significance of PAHs as
Environmental Carcinogens

Toxicology/Risk Assessment
Overview of Microbial

Degradation of PAHs LostRet Ton
Mycobacterium sp. PYR-1 é} %%0

Story { 4
Proteomic and Genomic LA ke

$200+ Bioremediation
$50-580

Approaches

Conclusions




3 12 1
¢00 Q. Sou
Anthracene Phenanthrene Benzo|a]|pyrene

. 12 1 1 2
"O00. 10ON0’ 00 T 8‘@’*
8 7 6 5 4 7 6 6 5

Benz[a]anthracene Fluorene Chrysene Acenaphthene
.

710 9 A . 11 S 13 4
6 . 1 33 10 @@
52 ! : 4 ° 86

Fluoranthene Pyrene Benzo|e]pyrene



Non-enzymatic
rearrangement

Fungi, Bacteria
2
Cyip-450 o
Monooxygenase R H
Arene oxide

>
R

Epoxide
hydrolase

White rot fungi

Phenol

SR

O-Glucoside
O-Glucuronide

O-Sulfate
O-Xyloside
O-Methyl
H
L11]] O H
OH

trans-Dihydrodiol

H,O
— » PAH-quinones
Lignin/Mn-peroxidase

» Ring fission—» —»CO,

PAH  laccase Ortho-ﬁssim* Z COOH
Bacteria H NAD* NADH+H"* /I OOH_) >0
g O > "OH__ A . |_-0|'I R cis, cis-Muconic
E Dioxygenase w QH Dehydrogenase OH acid
S R H R HO
& cis-Dihydrodiol Cat?chol [ SooH_5 5o,
Nitrate meta- Z”~0H .
\lg/lel%h?nogenic Reducing Conditions fission 2-Hydr0xymuconlc
ulfate

semialdehyde



Bacteria Oxidizing PAHs
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Mycobacterium sp. PYR-1

Isolated from oil contaminated marine sediment
Yellow pigmented colonies

Acid-alcohol fast

G + C content = 66.7%

CooH1200; and C,,H,,,0; mycolic acids
Biochemical tests

Fatty Acid Methyl Ester (FAME) profiles
SDS-PAGE-soluble cellular proteins
Dot-blot DNA hybridization '
PFGE analysis of restriction digested total |
genomic DNA

16S rDNA phylogenetic analysis

Mpycobacterium vanbaalenii PYR-1

Heitkamp, M. and Cerniglia, C. (1988) Appl. Environ. Microbiol. 54, 1612-1614.
Rafii, F., Butler, W., and Cerniglia, C. (1992) Arch. Microbiol. 157, 512-520.
Wang, R., Cao, W., and Cerniglia, C. (1995) FEMS Microbiol. Lett. 130, 75-80.
Khan, A.A., Kim, S.-J., Paine, D.D., and Cerniglia, C.E. (2002) Int. J. Syst. Evol.
Microbiol. 52, 1997-2002.
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Dr. Chase Van Baalen
1925-1986

Py

® Professor of Botany and Marine Studies
and Research Scientist (1973-86) at the
University of Texas at Austin, Marine
Science Institute located at Port
Aransas, Texas.

® Internationally known alga physiologist,
he had a remarkable devotion for
experimental science.

® For his inspiration and assistance in

AL A - Mycobacterium
determining the best sites to isolate PAH vanbaalenii PYR-1

degraders from contaminated marine
sediments along the Texas Gulf coast.



Hydrophobicity of Mycobacterium austroafricanum GTI-23,
in comparison with various other PAH-degrading isolates

Isolate Medium Culture age Hydrophobicity
(%)
Acidovorax temperans GTI-19 MSM/phenanthrene 1 day 3
Burkholderia sp. GTI-3 MSM/phenanthrene 6 days 15
Pseudomonas viridiflava GTI-5 MSM/phenanthrene 6 days 4
Sphingomonas sp. GTI-7 MSM/phenanthrene 2 days 15
Sphingomonas sp. GTI-8 MSM/phenanthrene 6 days 26
Sphingomonas sp. GTI-10 MSM/phenanthrene 6 days 0
Sphingomonas sp. GTI-11 MSM/phenanthrene 6 days 18
Sphingomonas subarctica GTI-12 MSM/phenanthrene 2 days 0
Myco. austroafricanum GTI-23 YPS/phenanthrene 6 days 48
Myco. austroafricanum ATCC 33464 YPS 6 days 41
Mycobacterium sp. PYR-1 YPS/phenanthrene 6 days 52

Bogan et al., (2003) Journal of Applied Microbiology 94:230-239.



Research Goals

To determine it Mycobacterium sp. PYR-1 has the
ability to metabolize PAHs.

To determine the metabolites produced by
Mycobacterium sp. PYR-1 and elucidate the metabolic
pathways.

To determine biological/toxicological activity of the
metabolites.

Characterization of enzymes involved in the
metabolism of PAHs.

Elucidation of the enzymatic mechanisms and genes for
enzymes that mediate PAH metabolism.

Determine the potential of Mycobacterium sp. PYR-1
for in situ biodegradation of PAHs.
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Initial Metabolism of PAHs by Mycobacterium sp.
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BA-5,6-Dihydrodiol Metabolism

Neutral Extract + TMSi
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Macleod, C.T., and A.J. Daugulis, 2003.
Biodegradation of polycyclic aromatic
hydrocarbons in a two-phase partitioning

bioreactor in the presence of a bioavailable
solvent. Appl. Microbiol. Biotechnol, 62:291-296

* Macleod and Daugulis (2003) Queens University,
Kingston, Canada, used Mycobacterium sp. PYR-1
in a two-phase partitioning bioreactor and
determined phenanthrene and pyrene degradation.

° They found that PYR-1 degraded a gram of
phenanthrene and pyrene in 4 days at a rate of 168
mg/l per day and 138 mg/l per day which is the
highest reported in the literature.



SUMMARY AND CONCLUSIONS
(Metabolism)

® Mycobacterium vanbaalenii PYR-1 is capable of degrading a
wide variety of PAHs including naphthalene, anthracene,
phenanthrene, fluoranthene, pyrene, benzo|a]pyrene,
benz|[a]anthracene and 7,12-dimethylbenz|[a]anthrancene.

® M. vanbaalenii PYR-1 is highly regio- and stereoselective in
the degradation of PAHs.

® M. vanbaalenii PYR-1 initiates its attack on PAHs by
dioxygenation and monooxygenation mechanisms.

® The reactions of dioxygenation at the K-region to form cis-
dihydrodiols and ortho — cleavage to form PAH- dicarboxylic
acid is characteristic in Mycobacterium species.

® These studies provides evidence for the potential application
of this organism for improved PAH bioremediation and
enantioselective production of dihydroxylated synthons



Research Strategy
Screen Mycobacterium sp. PYR-1 for ability to
metabolize PAHs
Elucidation of metabolic pathways
Determine enzyme activity
Purification and characterization of proteins
Making and screening a cDNA library
Molecular cloning and sequencing of the genes
Over expression of the genes in E. coli

Identification and confirmation of the gene and
gene products
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Mycobacterium sp. PYR-1 Cell Culture

Induced with 10 pg/ml PAH Non-induced cells incubated
for 96 h, incubated for 120 h for 120 h

| |

Cell lysis (Supernatant)
Induced cell pellet 2DE (Amersham) Non- Induced cell pellet
Differential expression analysis

Spot excision (ProPic, GSI)
In-gel digestion (ProGest, GSI)
Nano LC/MS/MS (Q-Tof API US, Micromass)

Mascot (Matrix Science)
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Effect of Induction of Pyrene Metabolism in
Cells of Mycobacterium sp. PYR-1
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Wang, R. Wennerstrom, D., Cao, W., Khan, A., and Cerniglia, C. (2000) Appl. Environ. Microbiol.
66, 4300-4304.
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Identified Functions of PAH-Induced
Polypeptides

Observed Theoretical
Protein Protein description Species Accession | Peptides | Migration Ll |l
No. No. Matched| M p/ M p/
(LOL)) (kDa)
P1 Catalase-peroxidase KatG M. vanbaalenii PYR-1 AAF20142 41 8.52 4.54 80.9 4.53
P2 Heat shock protein 65 M. marinum ATCC927 AANG6G2885 53 60.7 4.75 574 4.90
P3 ATP synthase [beta] chain M. leprae TN NP_301839 18 511 5.01 531 4.90
Putative magnesium chelatase M. tuberculosis NP_335419 4 49.6 5.20
CDC1551
P4 Fumarase M. leprae TN NP_302313 19 519 5.07
Aldehyde dehydrogenase M. vanbaalenii PYR-1 AAF75990 7 50.3 5.69
6-phosphogluconate dehydrogenase | M. tuberculosis NP_336349 4 52.0 4.95
(decamboxylating) CDC1551 51.5 5.31
P5 Hypothetical protein Rv0462 M. tuberculosis H37Ru NP_214976 3 53.6 5.67 494 5.66
P6 Heat shock cognate protein Cricetulus griseus P 19378 39 581 4.26 71.0 5.15
P7 Probable enolase M. tuberculosis H37 Ru NP_215539 10 449 4.34 45.0 4.37
P8 No match 444 595
P9 35-10d antigen M. tuberculosis H37 Ru NP_ 217260 16 41.2 6.14 29.2 5.81
P10 Unnamed protein product M. tuberculosis CAA45101 6 255 493 444 519
Erdmann
P11 Indole-3-glycerolphosphate synthase | Pseudomonas putida P20578 4 251 4.90 306 4.92
Indole-3-glycerolphosphate synthase | M. leprae TN NP_301916 4 284 5.14
P12 Probable elongation factor Tsf M. tuberculosis H37 Ru NP_217405 7 251 5.16 289 5.18
P13 No match 219 4.71
P14 No match 223 5.80
P15 Putative monooxygenase YcdM Escherichiacob P75898 219 5.85 39.9 5.07
P16 No match 18.6 4.70
P17 No match 18.6  5.08
P18 Homologous to iron-sulfur proteins | Rhodococcus sp. CIR2 BAA76339 19.0 5.78 19.8 4,55
P19 Dioxygenase small subunit NidB M. vanbaalenii PYR-1 AAF75992 14 18.0 498 194 4387
P20 No Match 18.0 5.04




SUMMARY AND CONCLUSIONS
(Proteomics)

® M. vanbaalenii PYR-1 has an inducible system for PAH
degradation.

® More than 1000 gel separated proteins within pI of 4-7
and Mr of 10-100 kDa were detected.

® A number of proteins were shown to be over expressed
when M. vanbaalenii PYR-1 was induced with PAHs.

® Several conditions — specific marker proteins seems to
be uniquely over-expressed when M. vanbaalenii PYR-
1 was induced with various PAHs.

® At least 8, 6, 6, 7 and 4 proteins from pyrene-, P45Q,
phenanthrene, anthracene and fluoranthene,
respectively were shown to be induced when compared
to uninduced control sample.
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N-terminal and Central Part of the o Subunits of
Ring-hydroxylating Dioxygenase
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ion of Rieske Center

PCR Detect

p.

100 bp
products

DNA Mw marker

M. aurum

M. austroafricanum
M. chlorophenolicum PCP-1

M. petroleophilum

R. rhodochrous TE1C
M. vaccae JOB-5

M. vaccae JOB-5

Rhodococcus sp. R-22
M. frederiksbergense FAn9T

M. gilvum BB1

M. flavescens PYR-GCK
Mycobacterium sp. PAH2.135
M. vanbaalenii PYR-1
DNA Mw marker

Brezna, B., Khan, A.A., and Cerniglia, C.E. (2003) FEMS Microbiol. Lett. 223, 177-183.



Bacterial Strain Isolation Plate PCR Southern
Source spraying hybridization®
test?
Phe | Pyr | Rieske® | nidA | nidB | nidA | nidB
M. vanbaalenii PYR-1 [DSM 7251] oil contaminated + + + + + + +
sediment, Texas
Mycobacterium sp. PAH 2.135 coal gasification site | + + + - + + +
(RJGII35) soil, lllinois
M. flavescens PYR - GCK [ATCC Polluted sediment, + + + + + + +
700033] Indiana
M. gilvum BB1 [DSM 9487] former coal + + + + + + +
gasification site,
Germany
M. frederiksbergense FAn9T [DSM coal tar + + + + + + +
44346] contaminated soil,
Denmark
Rhodococcus sp.R-22 [ATCC 29671] Soil - - - - - - -
M. vaccae JOB-5 [ATCC 29678] Soil - - - -7 -7 - -
Mycobacterium sp. TE1B1W [ATCC Soil - - - - - - -
29676]
R. rhodochrous TE1C [ATCC 19067] Soil - - - - - - -
M. petroleophilum [ATCC 21497] drilling well - - - -7 -7 - -
M. chlorophenolicum PCP-1 [ATCC paper industry - - - - - - -
49826] polluted sediment,
Finland
soil, south Africa - - - -? - - -

M. austroafricanum [ATCC 33464]

M. aurum [ATCC 23366]

Soil




BnzA P. putida BE-81
TodC1 P. putida F1
IbpA1 R. erythropolis BD2
842 BphA1 R. globerulus P6

A[rchAa Pseudomonas sp. P51

HcaA1 E. coli K12
DfdA1 Terrabacter sp. YK3
— PhdA Nocardioides sp. KP7
NidA M. vanbaalenii PYR-1
| NidA M. gilvum BB1
|

1000

701

14 NidA M. frederiksbergense FAn9T

NidA M. flavescens PYR-GCK

NarA Rhodococcus sp. 1BN

NidA Rhodococcus sp. 124

NarAa Rhodococcus sp. NCIMB12038

998|_ PhtAa Arthrobacter keyseri 12B
dioxygenase E Rhodococcus sp. RHA1
DitA1 P. abietaniphila BKME-9

TdnA1 P. putida UCC22
CmtAb P. putida F1

TfA B. cepacia AC110
AntA A. calcoaceticus ADP1
CbdA B. cepacia 2CBS
950 XylX P. putida pWWO
957 BenA A. calcoaceticus ADP1
— PhnAc Burkholderia sp. RP0O07

935

899

401

974
930

— 0.1

Phylogenetic Trees Of

Lo0ol™ NtdAc Pseudomonas sp. JS42
1\: NdoB P. putida NCIB9816
PahA3 P. aeruginosa Pak1
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Creating Fosmid Library

nidD nidB  nidA  nidC

M. vanbaalenii
PYR-1 genome

M. vanbaalenii
genomic
library In
fosmid

Fosmid vector



Putative Genes in Fosmid Clone
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Proposed M. vanbaalenii OOO
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322:1133-146
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Phylogenetic Tree of Three Cytochrome P450’s from
Mycobacterium vanbaalenii PYR-1
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Mycobacterium Strains That Were Screened For The Presence Of
nidA and nidB and Cytochrome P450 Genes

Strain Substrate or other Detection of
characteristic nidA¢ nidB? pipA¢ cyp150f cyp518
M. aurum [ATCC 23366] Type strain - - 4 o 4
M. austroafricanum [ATCC 33464] Type strain, related to M. vanbaalenii |- - 4 4
M. austroafricanum GTI-23? PAHs 4 4 +- - -
M. chlorophenolicum PCP-1 [ATCC 49826] |Polychlorinated phenols - - 4 - 4
M. flavescens PYR — GCK [ATCC 700033] |PAHs + + + + =
M. frederiksbergense FAn9T [DSM 44346] |PAHs i+ i+ - + -
M. gilvum [ATCC 43909] Type strain - - - I -
M. gilvum BB1 [DSM 9487] PAHs 4 4 4 4 =
M. petroleophilum [ATCC 21497 n-paraffins = = 4 + +
M. smegmatis mc2155 [ATCC 700084] Transformation host = = 4 I 4
M. vaccae JOB-5 [ATCC 29678] Gaseous, long chain, cycloparaffinic - - 4 o 4
and monoaromatic hydrocarbons
M. vanbaalenii PYR-1 [DSM 7251] PAHs - + i + 4
Mycobacterium sp. TE1B1IW [ATCC 29676] | Gaseous and long chain hydrocarbons |- - + + -
Mycobacterium sp. PAH 2.135 (RJGII-135)" | PAHs i+ -+ i+ c 4

*Obtained from Dr. B. W. Bogan at the Gas Technology Institute in Des Plaines, Illinois; bfrom Dr. D.
Warshawsky at the University of Cincinnati. ‘PCR primers nidAf and nidAr were used; primers
nidBf and nidBr; ‘cumulative results from PCR with primers RP1F1 and RP1R2, RP1F2 and RP1R1,
RP1F2 and PipAR2; ‘primers FM10F1 and FM10R2, gprimers Cyp51F and CYP51IR “+” PCR
product of expected size was present, “-“ PCR product of expected size was not obtained.



SUMMARY AND CONCLUSIONS
(Genomics)

® PAH degradation enzymes in M. vanbaalenii PYR-1 are
not encoded on plasmids.

® Genomic studies indicate that M. vanbaalenii PYR-1 has
novel dioxygenases. No DNA hybridization was detected
with well characterized toluene, naphthalene, xylene,
and biphenyl dioxygenase.

® Different geographical origin of the studied strains
indicates wide distribution of nidA and nidB genes in the
environment and supports the usage of M. vanbaalenii
PYR-1 as a model strain.

® The genes for the degradation of PAHSs from
M. vanbaalenii PYR-1 have been cloned, expressed
and sequenced.



SUMMARY AND CONCLUSIONS
(Genomics Cont.)

® Most of the genes required for phenanthrene
degradation are clustered together within 37 kb on
the M. vanbaalenii PYR-1 genome

® PYR-1 has a number of different dioxygenase and
cytochromic P-450 genes

® The PYR-1 phthalate degradation operon is
functional

® The PAH-degradation genes examined thus far are
constitutively expressed at the mRNA level, but may
be induced by PAHs
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